Introduction
[2] Submarine basaltic glass (SBG) has been increasingly used in recent years to recover geomagnetic paleointensity variations. A high percentage of specimens demonstrate ideal behavior in stepwise reheating experiments designed to recover paleointensity estimates, primarily because of the small grain size of the magnetite particles (compared to basalt) and because the glassy matrix may protect the particles against thermochemical alteration during the experiments. SBG has thus provided a new material for studying long-term fluctuations in geomagnetic intensity [e.g., Selkin and Tauxe, 2000; Riisager et al., 2003; Tauxe and Staudigel, 2004; Tauxe, 2006] . Over shorter time scales where geomagnetic intensity fluctuations are independently known, glass paleointensities have been used to provide both absolute and relative age estimates of mid-ocean ridge lavas [e.g., Gee et al., 2000; Carlut and Kent, 2000; Carlut et al., 2004; Bowles et al., 2005 Bowles et al., , 2006 . [3] SBG magnetization appears to be carried by low-Ti (titano)magnetite [Pick and Tauxe, 1994; Carlut and Kent, 2000] , and it is the fine-grained nature of this magnetic carrier that makes it an ideal material for paleointensity experiments. To recover valid paleointensity estimates, however, the magnetic remanence carried by this phase must be a primary thermoremanent magnetization (TRM), i.e., the magnetization must be acquired at high temperatures when the glass initially cools. This premise has been questioned for SBG; Heller et al. [2002] argue [citing Buddington and Lindsley, 1964 ] that low-Ti magnetite is not an equilibrium phase in mafic lavas, which typically have titanomagnetite with ∼60 mol percent ulvöspinel (Fe 2-x Ti x O 4 , with x = 0.6, or TM 60 ). Although equilibrium crystallization is not expected in quenched glass, Heller et al. [2002] suggested that SBG remanence is entirely chemical in origin and that it is acquired at ambient seafloor temperatures. If true, such an assertion would mean that paleofield estimates from SBG cannot provide a valid record of geomagnetic field intensity.
[4] A more plausible concern is that the magnetite crystallizes during cooling at elevated temperatures, but below the Curie or blocking temperature, thus acquiring a thermochemical remanent magnetization (TCRM) over part of the blocking temperature spectrum. In this case, only part of the blocking temperature spectrum may be legitimately used in recovering paleointensity. Because the origin of magnetite in SBG is not understood, a number of authors have expressed concerns over the validity of intensity estimates from glasses [e.g., Smirnov and Tarduno, 2003; Morales et al., 2003; Goguitchaichvili et al., 2004] . [5] We have therefore undertaken an experimental study designed to determine the conditions under which magnetite forms in basaltic glass and thereby to assess whether paleointensity determinations from SBG are valid. We explore the effects of temperature, melt composition, oxygen fugacity ( fO 2 ), and cooling rate on the magnetic mineral assemblage in rapidly cooled basaltic melts. A companion study [Burgess et al., 2010] additionally examines the possible role of posteruption oxidation in modification of the quenched glass. For comparison, we examine zero age, young (10s of kyr) and much older (up to ∼100 Myr) natural samples. Finally, we present results from paleointensity experiments on synthetic samples generated in a known magnetic field to directly test the fidelity of the magnetic recording process.
Magnetic Remanence in Submarine Basaltic Glass
[6] Despite speculations (above) that SBG magnetization is a CRM acquired at ambient seafloor temperatures, there is abundant indirect evidence (summarized by Tauxe and Staudigel [2004] and Bowles et al. [2005] ) suggesting that the low-Ti phase forms at high temperatures and carries predominantly a TRM. The strongest evidence supporting an original TRM in basaltic glass comes from analysis of historical flows where the geomagnetic field intensity is known. This straightforward test has been conducted in several localities. With one exception, in an area with extremely large local magnetic anomalies [Carlut and Kent, 2000] , glass paleointensities from these historical flows give values consistent with the known field intensity [Pick and Tauxe, 1993b; Mejia et al., 1996; , including samples from a welldocumented eruption at 9°50′N on the East Pacific Rise in 1991. A much larger number of samples (N = 26) presumed to be from the same flow were analyzed by Bowles et al. [2006] ; again, the majority of results are consistent with the known field, although a few samples give paleointensity estimates lower than the expected field (with sample means up to 25% too low). Paleointensities from historical samples from the southern East Pacific Rise [Bowles et al., 2005] also are consistent with the known field, while paleointensities from older samples are consistent with all observational evidence of relative age, as well as limited radiometric ages determined by 210 Pb/ 226 Ra disequilibria [Rubin et al., 2001; Bergmanis et al., 2004 ].
[7] Many of the historical flows were sampled and measured within a few years or months of eruption. Therefore, if the magnetic remanence is acquired as magnetic minerals nucleate and grow after cooling, this must occur within a very short time (less than a few years). Seafloor alteration of basaltic glass begins with hydration, which results in the development of an amorphous gel-palagonite, enriched in Fe and Ti [Stroncik and Schmincke, 2001] and possibly containing amorphous Fe-Ti oxyhydroxides [Kruber et al., 2008] . As hydration proceeds, the gel-palagonite eventually develops into crystalline clays, accompanied by authigenic precipitation of zeolites and other clays [Muhe and Stoffers, 1995; Stroncik and Schmincke, 2001; Staudigel et al., 2008] . While this may include the weakly magnetic phase goethite, none of these processes result in the formation of magnetite or titanomagnetite. Furthermore, while these time scales are not well constrained, most young (<100 yr) submarine glasses show little to no evidence for palagonization or alteration.
[8] Heller et al. [2002] speculated that one way to quickly form magnetite in SBG at ambient seafloor temperatures is through a biomediated reaction. Young (<50 ka) glass may develop a biofilm encrusted in an Fe-rich precipitate [Thorseth et al., 2001] , and microbial alteration in 6 Ma basaltic glass was found to preferentially remove Fe (as well as Mg, Ca, and Na), replacing altered glass with phyllosilicates [Alt and Mata, 2000] . While these phyllosilicates may be enriched in Fe compared to abiotic alteration products [Storrie-Lombardi and Fisk, 2004] , and secondary Fe sulfides have been associated with biotic alteration of glass [Alt and Mata, 2000; Banerjee and Muehlenbachs, 2003] , there is no evidence to date suggesting microbial production of magnetite in SBG.
[9] Ambient seafloor alteration resulting in magnetite seems unlikely, but high-temperature, nonequilibrium crystallization processes may produce nonequilibrium (titano)magnetite. Thermodynamic calculations for a simple binary melt predict nonequilibrium compositions for rapid cooling [Hort and Spohn, 1991] . In an exploration of crystal nucleation in more complex, highly supercooled magnesium metasilicate melts, Cooper et al. [1991] induced the formation of metastable forsterite, despite the fact that it is not an equilibrium phase in the solid. They determined that this is achieved through a liquidphase immiscibility that precedes crystallization. As a final example, Zhou et al. [2000] undertook a TEM study of a young (∼5 yr) basalt pillow. They found that while slowly cooled titanomagnetite grains in the pillow interior have a near-equilibrium composition (∼TM 60 ), smaller titanomagnetites in the rapidly cooled pillow margin have a much broader range in Ti content with an average (nonequilibrium) Ti/Fe ratio approaching that of the melt (∼TM 30 ). This range in Ti content is consistent with the liquid phase separation process.
Methods
[10] The magnetic properties of synthetic glasses produced under controlled laboratory conditions allow evaluation of the conditions under which magnetite may be produced during vitrification. A set of synthetic basaltic glass samples was generated to evaluate the effect of variable cooling rate, fO 2 , and composition (predominantly FeO* content) on the resulting magnetic mineralogy and to understand the magnetization of SBG.
Sample Selection and Synthesis
3.1.1. Synthetic Samples [11] Crushed, natural basalts with three different bulk compositions (10, 11, and 14 wt% FeO*; Table 1 ) were melted in alumina crucibles at 1400°C for 2 h in a vertically oriented, gas-mixing furnace (Figure 1 ). Temperature was then reduced over 2 h to 1210°C, or 10°C to 40°C above the liquidus as calculated using the MELTS algorithm [Ghiorso and Sack, 1995] . The samples were equilibrated at 1210°C for 3 h before cooling. fO 2 was controlled via flowing CO-CO 2 (with the appropriate mixture calculated for 1210°C) and was varied about the quartz-fayalite-magnetite (QFM) buffer by ±1log 10 unit (QFM − 1 to QFM + 1). One second temperature measurements during cooling allowed estimation of cooling rates. Actual sample cooling rates are likely somewhat slower, especially for the most rapidly cooled samples, as a result of the large thermal mass of the crucible and sample. Cooling rate at 1000°C (approximate temperature of peak oxide formation) was varied by approximately an order of magnitude from ∼16°C min −1 to ∼150°C min −1 . This was accomplished in one of the following three ways.
(1) For the most rapidly cooled samples, the samples were quickly (<10 s) lowered to the bottom of the furnace tube (position B; Figure 1 ), which extends below the furnace box.
(2) Samples cooled at an intermediate rate were slowly lowered to the bottom of the furnace tube, trying to maintain a cooling rate of ∼70°C min −1 near 1000°C; however, the actual rate varied between ∼60°C min −1 and 95°C min −1 between 1200°C and 800°C.
(3) Samples cooled "slowly" were allowed to cool in the center of the furnace (position A; Figure 1 ). In all cases samples were stationary well before passing through the Curie temperature of magnetite (580°C), and power to the furnace elements was shut off immediately prior to cooling. Samples were all cooled in (controlled-atmosphere) air, as opposed to water quenching (see section 5.1). Experimental conditions are summarized in Table 2 .
[12] Samples cooled in the ambient laboratory field, which varied considerably with vertical position relative to the furnace and the enclosing metal box. The vertical field gradient was measured before and after the complete set of sample syntheses; while the field in the center of the furnace remained relatively stable (position A; Figure 1 ), that near the bottom (position B; Figure 1 ) was more subject to temporal variations and is less well constrained. Slowly cooled samples cooled in the center of the furnace (position A; Figure 1 ) in a relatively low field (∼13 mT), while rapidly cooled samples cooled near the bottom (position B; Figure 1 ) in a relatively high field (∼72 or ∼80 mT). Following sample synthesis, the natural remanent magnetization (NRM) of the samples was measured prior to subsectioning. Samples were then sectioned longitudinally into thirds; one third was used for petrographic analyses, the center third was further subdivided for rock magnetic and paleointensity experiments, and the final third was reserved as an archive. When preparing subsamples (specimens) for magnetic analyses, care was taken to note the approximate relative position with respect to the crucible wall whenever possible. Specimens were thus placed into three groups: mostly glassy centers (designated group A), specimens directly adjacent to or in contact with the crucible wall (group C), and specimens from some intermediate position (group B).
Natural Samples
[13] A set of natural SBG was selected for comparison of magnetic properties against the synthetic samples. The natural samples span a range of ages and magnetization intensities. The latter was intended as a proxy for varying degrees of crystallinity, as [14] In addition to the natural samples, four synthetic specimens from each crucible were selected for rock magnetic analyses, encompassing the observed range of crystallinity and magnetization within the crucible. Magnetization (M) versus applied field (B) data (M versus B) were acquired on all specimens at room temperature to a maximum field of (typically) 1 T. Low-temperature cycling (300 K → 10 K → 300 K) of a room temperature saturation (2.5 T) isothermal remanence (SIRM) was carried out on a subset of specimens. (Other low-temperature data were not diagnostic, but are given in the auxiliary material.) 1 Continuous thermomagnetic measurements typically used to derive Curie temperatures were hampered by the extremely low ferromagnetic to paramagnetic ratio in most specimens. For two specimens, we therefore measured magnetic hysteresis as a function of temperature up to 600°C to derive the temperature dependence of saturation magnetization. For the remainder of the specimens, we determined unblocking temperature spectra via thermal demagnetization of a 2.5 T IRM. Finally, to test for possible magnetite growth on time scales relevant to paleointensity experiments we gave a 1.5 T IRM to 6 natural glass specimens with varying chemistries and of estimated ages ranging from ∼10-1000 yr. The specimens were then heated to 100°C and held at this temperature for 1 h. After cooling, the specimens were again given an IRM and measured. This process was repeated at 100°C, and then at successively higher temperatures, so that the specimens spent a total of 2 h at each temperature.
Rock Magnetic Experiments

Paleointensity Experiments
[15] Five to eight additional specimens from each crucible were selected for Thellier-type [Thellier and Thellier, 1959] paleointensity experiments, again taking care to encompass the range of magnetization present within the crucible. A significant number of the glassiest samples, however, had NRM moments too low to accurately measure as thermal demagnetization proceeded (<10 −10 Am 2 ). Glass chips were immobilized in glass tubes that had been previously screened for low TRM acquisition (<3 × 10 −11 Am 2 ). We used the IZZI protocol [Yu et al., 2004; Yu and Tauxe, 2005] , which alternates the order in which the in-field and zero-field treatments are applied. Treatments were spaced at 25°C intervals from 100°C to 550°C, and pTRM checks [Coe, 1967] were carried out every 50°C during the 'ZI' steps (zero-field followed by in-field cooling). A laboratory field of 20, 40, or 75 mT was used for the in-field steps (Table 3 ).
[16] Anisotropy of thermal remanent magnetization (ATRM) was evaluated for all specimens that resulted in successful paleointensity interpretations (see below). Specimens were first demagnetized at 25°C above the highest temperature used for the Thellier experiment and then subsequently given a total TRM at the highest temperature used in the Thellier experiment (350°C, 450°C or 550°C), along the specimen +X, +Y, +Z and −X, −Y, −Z directions. 
a Each sample is the contents of a single crucible. Here xx is either 10, 11, or 14, denoting approximate FeO* content. The final number denotes sequential experiment number; all samples synthesized at the same time share an experiment number. b Cooling rates are not measured directly, but they are estimated based on measurements made under similar conditions. 1 Auxiliary materials are available in the HTML. doi:10.1029/ 2010GC003404. oxide crystals adjacent to the crucible wall transitions to a spherulitic zone and then to glass in slowly cooled (16°C min −1 ) samples (Figure 2a ). We use the term "spherulitic" to refer to fine intergrowths of plagioclase and pyroxene, which in natural samples are frequently centered about a plagioclase microlite [e.g., Marescotti et al., 2000] ; the term should not be confused with that used to describe spherical clusters of blade-like, radiating crystals frequently found in rhyolitic glass, that often result from devitrification [e.g., Lofgren, 1971 ]. The largest oxide minerals near the crucible wall are typically 1-3 mm in diameter, which would correspond to a multidomain or pseudo-singledomain state in magnetite. In quickly cooled samples, no oxides are visible and a continuous spherulitic zone is absent, although small, discontinuous spher- Table 2 for synthesis conditions linked to Sample ID; SD, standard deviation. Spec ID, specimen ID. Type is approximate position of specimen with respect to crucible wall: A, crucible center; C, adjacent to crucible wall. Npts, number of points used in paleointensity determination; Low, lowest temperature (°C) used in paleointensity determination; High, highest temperature (°C) used in paleointensity determination; f, fraction of NRM used in paleointensity determination [Coe et al., 1978] ; g, gap factor [Coe et al., 1978] ; q, quality factor [Coe et al., 1978] ; s b /|b|, standard error of the slope divided by slope [Coe et al., 1978] ; MAD, maximum angular deviation [Kirschvink, 1980] ; DANG, deviation angle [Tauxe and Staudigel, 2004] ; DRAT, maximum difference ratio [Selkin and Tauxe, 2000] ; Blab, lab field used during paleointensity experiments (mT); Buncor, paleofield prior to TRM anisotropy correction (mT); Bcor, paleofield after TRM anisotropy correction (mT). ulitic areas are associated with the ends of the plagioclase crystals (Figure 2b) . At a ∼30 nm scale, glass generated in a companion experiment [Burgess et al., 2010] is completely uniform away from the crucible walls. However, in high-magnification TEM amorphous immiscibility and (very sparse) nanocrystals are present [Burgess et al., 2010, Figure 2 ]. Diffraction patterns are not indexable, but indicate a cubic phase.
[18] Natural samples all have some plagioclase crystals present (Figure 2c ), as well as spherulitic zones, suggesting some affinity with the slightly crystalline portions of the synthetic samples. The spherulitic zones can be seen either at the ends of or wholly encasing the plagioclase phenocrysts ( Figure 2c ) and result from undercooling [Kirkpatrick, 1978] .
Rock Magnetic Results
Remanence Data
[19] NRM of the bulk synthetic samples (prior to sectioning) varies by more than two orders of magnitude ( Figure 3 ). As expected, NRM is positively correlated with fO 2 and negatively correlated with cooling rate, presumably reflecting relative variations in the concentration of oxide minerals. The samples with 10 wt% FeO* have, with one exception, lower magnetization than those with 11 wt% FeO*. NRMs of the 14 wt% FeO* samples are roughly equivalent to those of the 11 wt% FeO* samples, typically slightly higher at fast cooling rates and somewhat lower at slow cooling rates (Figure 3) , indicating that factors other than bulk Fe content affect nucleation and growth of Fe oxides. When subdivided, NRM within the crucible (measured on individual specimens) varies by up to four orders of magnitude with considerable heterogeneity, but is always lowest in the glassy center, at or below the magnetometer measurement threshold (∼3 × 10 −11 Am 2 ). This is similar to natural SBG, where the lower limit to NRM is at or below the measurement threshold, and NRM varies over two to three orders of magnitude.
Magnetization Versus Applied Field (Hysteresis) Data
[20] Most group A and group B synthetic samples were dominated by a paramagnetic signal (e.g., Figure 4a ), while group C samples (those closest to the crucible) had a considerably stronger ferromagnetic-to-paramagnetic ratio (Figure 4d) . In a few cases where a ferromagnetic signal was clearly defined, though noisy, data were fit with a series of hyperbolic basis functions (e.g., Figures 4b, 4c , and 4g), and hysteresis parameters were derived from this fit [Jackson and Solheid, 2010] . A ferromagnetic signal, though present, was extremely noisy and a reasonable fit was not achieved (e.g., Figures 4a  and 4e ) in 20 out of 23 group A (center) specimens, 14 out of 21 group B specimens, and 6 out of 52 group C (edge) specimens; hysteresis parameters are therefore not presented for these specimens.
[21] Many samples displayed nonlinear behavior in the high-field region (B > 0.7 T), and hysteresis parameters were thus calculated using an approach to saturation fit [Jackson and Solheid, 2010] . In spite of this, a number of specimens have values of saturation remanence to saturation magnetization (M r /M s ) > 0.5 ( Figure 5 ), the theoretical maximum predicted for assemblages of SD grains controlled by uniaxial anisotropy. Higher field (5 T) hysteresis loops from two representative samples suggest that these elevated M r /M s values result from insufficient saturation in a 1 T field, as noted by Fabian [2006] for titanomagnetite. [22] Correlations between hysteresis parameters and experimental variables are strongest with respect to cooling rate (Figure 5a ). The general pattern is consistent with rapidly cooled samples bearing a mixture of single-domain (SD) and superparamagnetic (SP) grains, while more slowly cooled samples are dominated by SD grains. Data from natural SBG overlap with the rapidly cooled samples ( Figure 5 ), and show no trend with respect to age. Similar to the synthetic samples, most natural samples were dominated by a paramagnetic signal to the exclusion of an interpretable ferromagnetic signal and are not shown in Figure 5 .
[23] The variability in crystallinity within each crucible is not fully characterized by the (necessarily) crude subdivision of specimens into groups A-C. We therefore represent finer variations in crystallinity by using the proxy −log 10 (M S ). This proxy varies from ∼0.5 (high crystallinity) to ∼4.5 (low crystallinity), and hysteresis data are plotted as a function of this proxy in Figure 5b . Group A specimens (glassy crucible centers) have an average index of 3.7; group B, 3.0; and group C, 2.1. Regardless of location in the crucible or cooling rate, specimens with low degrees of crystallinity have a high SP contribution, while specimens with higher degrees of crystallinity plot near the SD endmember.
Unblocking and Ordering Temperatures (>300 K)
[24] Unblocking temperature (T ub ) data provide the strongest constraints on oxide composition in the absence of Curie temperature data. Specimens with a lower crystallinity index on average have more distributed unblocking temperatures with a higher maximum T ub (as measured by the temperature Figure 5 . (a) Hysteresis parameters from sample splits not subjected to paleointensity experiments. Most are from splits adjacent to the crucible, as glassier samples had extremely high para-to ferromagnetic ratios. For reference, gray lines delineate the SP saturation envelope and an SD-MD mixing curve for magnetite from Dunlop [2002] . Elevated values for M r /M s (>0.5) likely result from insufficient saturation of the samples in a 1 T field (see text). The general pattern is consistent with rapidly cooled samples having a mixture of SD and SP grains, while more slowly cooled samples are predominantly SD data from natural SBG overlap with the quickly cooled samples. Note that one natural samples plots off scale at B rh /B c = 24.6, M r /M s = 0.06. (b) Expanded plot with only synthetic data. Color scaled to −log 10 M s as a proxy for degree of crystallinity. Purple (0.5) represents relatively high crystallinity and corresponds to samples that plot near the SD end-member. Red (3) represents relatively low crystallinity and corresponds to samples with a considerable SP contribution. Samples with even lower crystallinity have insufficient ferromagnetic contributions to properly determine hysteresis parameters. Symbol shape denotes cooling rate as in Figure 5a . (a) Example unblocking spectra demonstrate a progressive increase in unblocking temperatures with degree of crystallinity. Here −log 10 M s (as proxy for crystallinity) given in parentheses in legend; lower values correspond to higher degrees of crystallinity. Data shown are vector difference sums, but total moment data are nearly identical. (b) Temperature at which 10% of IRM remains (based on vector difference sum) plotted against the crystallinity proxy, −log 10 M s . On average, samples with a higher degree of crystallinity have lower blocking temperatures than glassier samples. One specimen was not demagnetized to 10% of IRM by 575°C and is not shown.
at which 10% of the IRM remains) than specimens with a higher index ( Figure 6 ). More crystalline specimens typically unblock at <300°C (consistent with a relatively high Ti/Fe ratio). The distributed unblocking temperature spectra for glassy specimens is similar to that observed in natural SBG [e.g., Pick and Tauxe, 1993b; Mejia et al., 1996; Carlut and Kent, 2000; Bowles et al., 2006] , remanence unblocks gradually between 100°C and T ub-max (usually ∼400°C-580°C).
[25] This distributed unblocking could result from grain-size variations in compositionally homogoneous, stoichiometric magnetite near the SD-SP critical volume, as T ub is proportional to grain volume. It could also result from varying Ti content in titanomagnetite grains of constant size. Zhou et al. [2000] observed that the composition of titanomagnetite grains becomes more variable with a lower average Ti content within 2-3 cm of the rim of a submarine basalt pillow. Bowles et al. [2006] noted that median destructive temperature of a large suite of SBG is inversely correlated with the Ti/Fe ratio of the bulk glass. These two observations suggest that composition plays a role. However, Zhou et al. [2000] also noted that samples from a young pillow's glassy, outer 2-3 cm have Curie temperatures as high as 580°C, suggesting nearly pure magnetite. Studies of Cretaceous glass have also suggested the presence of nearly pure magnetite, based on Curie temperature measurements [Pick and Tauxe, 1994] or the presence of the magnetite Verwey transition [Riisager et al., 2003; Smirnov and Tarduno, 2003 ]. [26] In an attempt to distinguish between size and compositional effects on unblocking, we measured M s (derived from hysteresis measurements and insensitive to grain size) as a function of temperature for two specimens. Out of necessity, we could not choose the glassiest specimens (e.g., Figure 4a ), but selected the specimen shown in Figure 4b and another similar specimen from a different sample. Results from specimen M-N10-07-a4c2.1 (Figure 7) are consistent with temperature variations in M s for pure magnetite and suggest that, at least in this specimen, a low-Ti phase dominates the M s signal; it is therefore possible that the distributed unblocking results largely from grain-size variations. However, we note (below) that the magnetite Verwey transition is not observed in any specimens (synthetic or natural) tested, although the transition could be suppressed by nonstoichiometry or by a small amount of Ti. Data from the second specimen were significantly more noisy, but the trend appears considerably different, suggesting a range in Ti content (Figure 7) .
Low-Temperature Data
[27] Much of the low-temperature data is not diagnostic, so we only briefly summarize results here; data are provided in the auxiliary material. During low-temperature cycling of a room temperature IRM, remanence in most samples increases on cooling, ranging from 10 to 40%; in some cases, this increase peaks at ∼150 K, while in others the increase continues to 10 K ( Figure S1 ). In general, the magnetization increase is greater in specimens with a higher degree of crystallinity (in both synthetic and natural samples), consistent with a greater contribution from high-Ti titanomagnetite, for which M s increases more rapidly on cooling compared to magnetite. A distinct magnetite Verwey transition is not present in any specimens measured, but two of four Cretaceous glass specimens have a transition at 35 K, consistent with the presence of pyrrhotite [Rochette et al., 1990] (Figure S1 ). This may be magmatic, primary pyrrhotite [e.g., Mathez, 1976] , or a result of hydrothermal weathering [e.g., Haymon and Kastner, 1986 ]. 
Paleointensity Results
[28] Typical results of paleointensity experiments are shown in Figure 8 , plotted as NRM remaining against partial TRM (pTRM) gained. Slopes representing paleointensity were selected for nearly all specimens in the following manner: the minimum temperature (T min ) was chosen to be the NRM unless a viscous remanent magnetization (VRM) with a direction different from the principal component could be identified. In the latter case, we selected the temperature at which the VRM was removed (typically 100°C to 150°C). The maximum temperature (T max ) was chosen to be that at which NRM ceased to be removed. In a few specimens, a sharp or subtle bend in the NRM-pTRM plot was present (e.g., Figure 8c ), typically associated with increasing deviation of the pTRM checks at temperatures greater than the bend. In this case we selected T max to be the temperature of this bend. Results of this exercise are shown in Table 3 .
[29] Forty-one of 71 specimens are statistically anisotropic, with a mean maximum:minimum eigenvalue ratio of 1.6 (range 1.04-4.82) that is sufficient to significantly affect the remanence direction and intensity. A small number of specimens had weak moments and acquired little or no measurable TRM during the anisotropy experiment. With the exception of these specimens, we applied an anisotropy correction to all specimens (including those that were statistically isotropic, although here the correction is insignificant). The anisotropy correction decreased scatter that in some cases was large. For example, paleointensity estimates from sample M-N14-02 were distributed between 51 and 90 mT before anisotropy correction to 73-78 mT after correction. The anisotropy of TRM in many synthetic specimens likely arises from the preferred orientation of plagioclase nucleated on crucible walls. This in turn leads to distribution anisotropy [Hargraves et al., 1991] in (titano)magnetite which crystallizes between the plagioclase crystals. This type of anisotropy is unlikely in natural SBG. [30] In choosing a set of quality selection criteria, we examined the effect upon sample means of varying the cutoff value of a number of frequently used statistics. Much of the variation in sample means was controlled by scatter in the NRM-pTRM plot (e.g., Figures 7e and 7f) , represented by the standard error of the slope divided by the slope s b /|b| of Coe et al. [1978] . Many specimens with significant scatter had weak NRM moments (e.g., Figure 8 . Representative paleointensity results for samples passing quality selection criteria. Blue circles indicate steps with zero-field heating followed by in-field heating (ZI). Red circles indicate steps with in-field heating followed by zero-field heating (IZ). Squares denote pTRM checks. Insets show vector endpoint diagrams of NRM data. B uncor denotes raw paleointensity estimate, while B cor is compensated for remanence anisotropy; B amb is the approximate field in which samples were originally cooled.
<10 −9 Am 2 ), which is also a frequent problem with natural SBG. Others had easily measurable moments and the nature of the resulting scatter is perplexing. We required all specimens to have s b /|b| ≤ 0.06. As an additional check against thermochemical alteration, we required that the difference between repeat in-field steps normalized by the length of the selected NRM-pTRM segment [Selkin and Tauxe, 2000 ] be <7%. The application of these two selection criteria reduced the total number of specimens from 120 to 75. Prior to the first heating, NRM was measured twice; the second measurement followed storage in a magnetically shielded room for 36 h. An additional 5 specimens were rejected due to excessive (>20%) viscous decay. We combined all specimens synthesized in a single experiment to calculate average paleofield values (Figure 9a) ; this includes specimens from three different crucibles (samples) representing the three different compositions, which all should have experienced the same field. Samples cooled in the center of the furnace box (position A; Figure 1 ) recovered the measured field (13 mT) within error. The same is true for the first three experiments cooled outside the furnace box (position B; Figure 1 ), which agree with the field measured prior to the experiments (80 mT). The remaining two experiments (experiments 7 and 8) deviate significantly from the field measured prior to (80 mT) and after (∼72 mT) the experiments; however, there is good internal consistency between these samples (6 crucibles) which give a paleofield of ∼62 mT. The only shared characteristic between these two experiments is their proximity in time; they were carried out sequentially, but had different cooling rate and fO 2 conditions. The only plausible explanation for why only these two experiments deviate from the measured field is an undetected change in the laboratory field. We conclude that the actual laboratory field was ∼60-65 mT during these experiments.
[31] The individual specimens included in the experiment paleointensity averages have varying degrees of crystallinity and are dominated by a titanomagnetite with widely varying Ti content. To check that glassy and crystalline specimens do not give different answers, we calculated the deviation from the mean paleointensity for each specimen (Figure 9b ). There is no correlation between this deviation and mass-normalized magnetization (as a proxy for degree of crystallinity). There is also no significant correlation between paleointensity and any of the experimental variables (cooling rate, fO 2 , or FeO*).
IRM Reheating Results
[32] IRM acquisition was measured following repeated heating (section 2.2) to test for the possible growth of magnetic phases. Results for these Figure 9 . Summary of paleointensity results that passed quality selection criteria (see text). (a) Anisotropy-corrected experiment means. Each experiment is labeled with fO 2 and cooling rate and comprises results from three different bulk compositions. Small circles represent results from individual specimens. Red circle indicates the mean paleointensity, corrected for anisotropy (B cor ); blue box denotes 1s error in Bcor. Horizontal gray bars indicate the laboratory field in which the glasses cooled. Results from syntheses cooled in 80 and 13 mT fields recover ambient laboratory field within error. Ambient field for remaining two experiments is less well determined and may be overestimated. (b) Percent deviation from mean paleointensity as a function of NRM. The absence of trend with respect to NRM implies that there are no systematic differences between glassy specimens and more crystalline specimens. Three paleointensity means were used: one for experiments 2, 4, and 5, one for 7 and 9, and one for 3, 6, and 11. young (<1 ka), natural SBG have no increase in IRM acquisition below 400°C-450°C ( Figure 10 ). Similar data from Cretaceous SBG [Smirnov and Tarduno, 2003] are shown for comparison.
Discussion
5.1. Relevance to Natural SBG [33] Our synthetic samples were cooled in air and are thus not perfectly analogous to SBG, which is quenched in seawater. Quenching of natural SBG in seawater dominantly serves to increase cooling rate compared to subaerial eruptions, and because of the small thermal mass of our samples, we achieve similar rates in air. There is little evidence that natural SBG has incorporated significant seawater into the melt on quenching. Chlorine in fresh SBG provides a sensitive tracer for seawater or brine interaction. Low chlorine content (<150 ppm expected for fractionated melts) is interpreted as direct evidence for negligible interaction with seawater [e.g., Michael and Schilling, 1989; Heide et al., 2008] . Higher chlorine contents (reaching several 1000 ppm) have been attributed to assimilation of altered crustal material or extremely chlorine-rich brines [Michael and Schilling, 1989; Kent et al., 2002] in shallow magma chambers and not to direct interaction with seawater during quenching. Increased water content in fresh volcanic glass is linked to increased oxidation state of the melt [e.g., Kelley and Cottrell, 2009 ], but mid-ocean ridge basalt glasses have a narrow range of both fO 2 (0.41 ± 0.43 log 10 units below QFM) [Bezos and Humler, 2005] and water (0.12-0.49 wt %) [e.g., Danyushevsky et al., 2000; Heide et al., 2008; Kelley and Cottrell, 2009] . These small variations are thought to reflect variations in mantle source or melting conditions.
[34] A small number of recent studies have questioned the extent to which seawater interacts with flows during emplacement. In certain types of lava flows, vaporized seawater may collect in cavities beneath the chilled margin of a flow, leading to crystallization of exotic phases (including Fe oxides and Fe sulfates) on the underside of this chilled surface [e.g., Perfit et al., 2003; Soule et al., 2006] that are absent on the outer chilled margin. Additionally, small bubbles of vaporized seawater may occasionally be incorporated into the outer glassy zone as the lava surface folds over onto itself, but there is no evidence for chemical interaction with the melt in this zone ]. [35] These observations suggest that the primary signature of quenching in seawater is rapid cooling, rather than chemical exchange. Although we cannot conclusively eliminate water as a factor contributing to magnetite formation in SBG, our experiments demonstrate that reasonable variations in fO 2 play little role in affecting magnetic properties, beyond influencing the concentration of oxide minerals. We have demonstrated that water (or any other external factor) is not required to generate a magnetic assemblage nearly identical to that observed in SBG.
Origin of Magnetism
[36] Hysteresis and unblocking temperature data are consistent with a fine-grained, low-Ti magne- [2002] , it is clear that the low-Ti magnetite is a primary, not secondary, phase. Results from a companion study [Burgess et al., 2010] further demonstrate that the magnetic properties of this phase do not significantly alter with reheating (in air) at temperatures below the glass transition temperature (T g ). Although indirect, the data strongly suggest that the low-Ti phase forms predominantly at T > T g (680°C), which is well above the magnetite Curie temperature (580°C).
[37] The exact mechanism by which low-Ti magnetite forms in the quenched glass remains unclear. Zhou et al. [2000] suggested that the observed trends in titanomagnetite Ti content in a basalt pillow (equilibrium composition in the center and more scattered values with an average approaching the melt in the rapidly cooled margins) result from a strong kinetic effect on the mobility of cations in the melt. This phenomenon has been experimentally observed for plagioclase [Lofgren, 1980] and in other silicate systems [Roskosz et al., 2005 [Roskosz et al., , 2006 ]. Furthermore, Zhou et al. [2000] proposed that the low Ti/Fe ratio (i.e., nearly pure magnetite) in the outermost glassy zone is controlled predominantly by diffusion processes, whereby the quickly grown and quenched magnetites preferentially incorporate elements with higher diffusivity (i.e., Fe over Ti).
[38] A second possibility, explored by Burgess et al. [2010] , is (metastable) amorphous phase separation, which could explain both the lower average Ti content and the increased compositional heterogeneity observed by Zhou et al. [2000] near the pillow rim. In this scenario, a fine-scale (tens of nanometers) amorphous phase separation develops through spinodal decomposition during quenching. This process leads to some heterogeneity in the Ti/Fe ratio of the melt, and hence some heterogeneity in the Ti/Fe content of the nucleated oxides. The heterogeneity in Fe content is supported by low-temperature magnetic measurements on both synthetic and natural glass specimens that demonstrate rapid unblocking (on warming) of a SP phase at ∼4 K [Burgess et al., 2010] . Hayashi et al. [1999] noted a similar feature in synthetic silicate glass and suggested that it is associated with clusters of Fe atoms. Burgess et al. [2010] demonstrate that bulk magnetic properties undergo little to no change with heating at T < T g for times ranging from 7 months at 100°C to 100 h at 600°C. By contrast, specimens reheated at T > T g undergo dramatic changes in magnetization, magnetic grain size, and oxide composition. However, reheating experiments were all done on separate specimens, and there are no "before" data for those specific specimens that might allow us to evaluate subtle changes in magnetic properties. Heating of the two specimens shown in Figure 7 to 600°C in flowing He gas does result in an increase in remanence and development of a subtle magnetite Verwey transition that was not present prior to heating.
Implications for Paleointensity
[41] Additionally, the glass transition temperature may be more properly thought of as a temperature interval (±100°C in width) over which the structural relaxation time undergoes a dramatic increase on cooling. Both time and temperature can lead to structural relaxation of the glass, and as a sample spends extended periods of time (hours) at elevated temperatures, T g will decrease, possibly leading to induced crystallization at reduced (<680°C) temperatures. We note that a number of observations appear to support this interpretation. Thermomagnetic (M s versus T) curves for Cretaceous glass are reversible up to 600°C [Pick and Tauxe, 1993a ], suggesting that when heating and cooling are relatively rapid (5-10°C min −1 ) the growth of magnetic phases is suppressed. IRM acquisition following heating at time scales relevant to paleointensity experiments shows no increase below 400°C-450°C ( Figure 10) , again suggesting that any low-temperature production of magnetite will be slow, limited by the long structural relaxation times at these temperatures. This experiment is consistent with observations from many Thellier-type experiments on natural SBG, including the present study; pTRM checks rarely reveal any significant alteration below 400°C, but occasionally begin to deviate significantly at higher temperatures. Similar experiments by Smirnov and Tarduno [2003] (Figure 10) and [Riisager et al., 2003] on Cretaceous glasses show more significant alteration beginning at lower temperatures (∼300°C). This is consistent with a reduction in T g as the glass relaxes over 75-120 Ma, and newly acquired T g data demonstrate that two Cretaceous glass specimens have T g = ∼300°C. By contrast, young (<40 ka) SBG have glass transitions > 650°C [Bowles et al., 2005] , and two 200 ka specimens have T g = 605°C.
6. Conclusions [42] We carried out an experimental examination of the timing and temperature of low-titanium magnetite formation in basaltic glass. Our primary conclusions are as follows.
[43] 1. The low-Ti magnetite is a primary phase, formed during rapid quenching of the glass. Only if crystallization of the glass is allowed to proceed does a high-Ti, equilibrium phase develop and dominate the magnetic signature.
[44] 2. Paleointensity experiments on synthetic samples all recover the known field, within 1s error. The two exceptions are experiments that give field values internally consistent within and between experiments, suggesting that the actual field was somewhat lower than expected. This is consistent with a change in the ambient laboratory field near the end of the sample syntheses.
[45] 3. Young SBG (less than at least 200 ka) is entirely suitable for paleointensity studies. Older glass, however, is more likely to alter during laboratory experiments, and it may be possible that only the lowest blocking temperatures may be used for paleointensity estimates. Figure 1 . Low-temperature (10-300K) magnetic data. A 2.5 T IRM was imparted at 300K (RTSIRM), and remanence was measured on cooling in synthetic (a) and natural (b) samples. Following zero-field cooling (ZFC) from 300K to 10 K, a 2.5 T IRM was imparted at 10 K, and remanence was measured on warming in synthetic (c) and natural (d) samples. Crystallinity proxy (-log 10 M s ) is given in parentheses following specimen ID. Smaller values correspond to higher degrees of crystallinity. 
